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ABSTRACT 



Heat transfer rates were measured for pool boiling, in the nucleate 
regime at one atmosphere pressure, for distilled water on a horizontal, 
flat, stainless steel (Type 304) plate. 

The heating surfaces were prepared with different degrees of roughness 
by common machining operations. Heat v;as supplied to the specimen by 
a nichrome wire heating coil mounted in a Lavite block which supported 
the specimen. 

Results are presented as temperature difference between the 

heating surface and the distilled water, as a function of heat rate, q/A 
for a given surface roughness. 

2 

Heat rates covered a range from a maximum of 29,000 Btu/hr ft to a 

2 

minimum of 2550 Btu/hr ft whileAt varied from 39® to 0.5®F. Ten surface 

m 

roughnesses were tested in the range of 3 to 100 micro inches rms. One 
specimen with .005 in, grooves and another with .008 in. grooves were also 
tested. 

The results indicate that as surface roughness increased the At^ 

necessary to maintain a given heat rate decreased until a roughness of 

about 30^in. rms. Thereafter, little effect of increased roughness was 

2 

noted. As an example for a heat rate, q/A, of 20,000 Btu/hr ft was 

36.5®F for a roughness of 3.1^in rms. and decreased to 17.5 ®F at 23y4^in 
rms . 



ii 



I.. i. uorn:t..;is 



ITEM 


TITLE 


PAGE 




Abstract 


ii 




Table of Symbols 


tv 




List of Figures 


V 




Acknowledgment 


vii 


Chapter T 


Int roduct ion 


1 


Chapter II 


Description or Equipment 


5 


Chapter III 


Experimental Procedures and Surface Roughness 
MeavSurement 


11 


Chapter IV 


Discussion of Results and Conclusions 


13 


Bibliography 




19 


Appendix A 


Graphical and Tabular Results 


21 


Appendix B 


Sample Calculations^ Tables^ Drawings, and 
Photographs 


49 



iii 






1 




TABLE OF SYMBOLS 



A Exposed, horizontal, projected area of test specimen, sq. in* 

2 

h Surface heat transfer coefficient, Btu/hr ft °F 

k Thermal conductivity, Btu/hr ft F 

q Heat transferred per unit time, Btu/hr 

At Temperature difference between surface of the test specimen and 

m 

bulk temperature of water, ®F 
V Voltage drop across specimen heating coil, volts 
I Curicnt through specimen heating coil, amps 

t Temperature, ”F 



LIST OF FIGURES AND TABLES 



FIGURE TITLE PAGE 

1 Typical Boiling Curve 54 

2 Overall Equipment Layout 55 

3 Circular Test -Specimen and Thermocouple Placement 56 

4 Test Specimen (circular) 57 

5 Mounting Block-Plan View 58 

6 Mounting Block Elevation View 59 

7 Mounting Block 60 

8 Mounting Block in Water Bath 61 

9 Rectangular Test-Specimen and Thermocouple Placement 62 

10 Test Specimen (rectangular) 63 

11 Thermocouple Circuit Diagram 64 

12 Heating Coil (rectangular) 65 

13 Heating Coil (circular) 66 

14 Electrical Circuit Diagram 67 

15 Surface Analyzer Equipment 68 

16 Location of Surface Roughness Measurements 69 

17 Plot of Heat Rate vs, At , rectangular specimens #1-10, 25 

(all roughnesses) 

18 Plot of Heat Rate vs. At , rectangular and circular 26 

specimens #9 (5.3/^ in)."’ 

19 Uot of Heat Rate vs. At„ , rectangular and circular 27 

specimens #6 (23^in) ^ 

20 Plot of Heat Rate vs. At , rectangular specimen 28 

specimen #7 (15 ^in) ^ 

21 Plot of Heat Rate vs. At , rectangular specimen 29 

#8 (7.4^in) 

22 Plot of Heat Rate vs. At , rectangular specimens 30 

#1 & 2 (macro roughness) 



V 



FIGURE 



TITLE 



PAGE 



23 Plot of Heat Rate vs«^t^, rectangular specimen #1 (<,008 in) 31 

24 Plot of Heat Rate rectangular specimen #2 (.005 in) 32 

25 Plot of Heat Rate vs.Z^t , rectangular specimen #3 (96^in) 33 

m 

26 Plot of Heat Rate vs. At , rectangular specimen #4 (46^in) 34 

m 

27 Plot of Heat Rate vs.Akt^, rectangular specimen #5 (32 ^in) 35 

28 Plot of Heat Rate vs.At^, rectangular specimen #6 (23^in) 36 

29 Plot of Heat Rate vs. At , rectangular specimen #7 (15^in) 37 

m ^ 

30 Plot of Heat Rate vs.At^, rectangular specimen #8 (7.4^in) 38 

31 Plot of Heat Rate vs. At , rectangular specimen #9 (5.3^in) 39 

m 

32 Plot of 'Heat Rate vs. At , rectangular specimen #10 (3.1^in) 40 

m 

33 Plot of Heat Rate vs. At , circular specimen #6 (23^in) 41 

“ m 

34 Plot of Heat Rate vs.At^> circular specimen #9 (5.3^in) 42 

35 Plot of Heat Rate vs* At , rectangular specimen #8 (7.4^in) 43 

m ^ 

36 Plot of Heat Rate vs. At , rectangular specimen #7 (15^in) 44 

m 

37 Plot of Roughness vs. At , for various heat rates 45 

m 

38 Plot of Heat Rate vs. At , rectangular specimens #1-10 46 

(all roughnesses) 

39 Plot of Surface Coefficient vs. At„ , rectangular specimens 47 

#1-10 (all roughnesses) ^ 

40 Plot of Roughness vs. At for surface coefficient h - 1000 48 

Btu/hr ft^ °F ^ 

TABLE I Specimen Identification 70 

TABLE II Sample Data Sheet 71 

TABLE III Experimental Results 22 

Vi 



ACKNOWLEDGMENT 



The preliminary investigation of this topic was carried out during 
a six-week field trip at the U, S. Naval Boiler and Turbine Laboratory 
in Philadelphia* The writer wishes to thank CDR H* S. Morton, USN, and 
his able staff for their time and effort spent in helping to accumulate 
background information in the nucleate boiling field. 

The writer desires to express his appreciation to Professor P. F. 
Pucci, who acted as thesis advisor. Without his help and continued 
guidance, the completion of this thesis would not have been possible. 



CMFTER I 



IKTRODUCTION 

Developments in nuclear reactors and rocket engines, where exceeding- 
ly high heat quantities are transferred in comparatively small areas, have 
focused attention on boiling as a mode of transferring heat at high flux 
densities. 

There exist three types of boiling, namely, nucleate, transition, and 
film boiling. [ 5 ] ^ The change from one type to another is accompanied by 
marked differences in the thermal states of the system. A typical boiling 
curve is shown in Figure i. Nucleate boiling starts when the temperature 
of the surface exceeds the saturation temperature by a few degrees. Next 
to the solid surface a thin layer of superheated liquid is formed in v;hich 
bubbles nucleate and grow from some preferred spots. In nucleate boiling 
a tem.perature increase is accompanied by a sharp increase of the heat flux 
and of the bubble population. The spots where bubbles originate become 
more numerous until a critical temperature is reached at which a maximum 
heat flux is attained. At that point the bubbles are so numerous that 
they interfere with each other. If the temperature is increased beyond the 
critical value by a few degrees the transition boiling begins. The surface 
is blanketed by an unstable, irregular film of vapor which is in violent 
motion. A further Increase of the temperature of the surface is followed 
by a decrease of the heat flux until a minimum value is reached at which a 
stable film of vapor is formed between the heating surface and liquid. The 

1 Numbers in brackets refer to references listed in the Bibliography 
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stable film boiling is characterized by an orderly discharge of large 
bubbles with a regular frequency and at regular intervals. In the film- 
boiling region, the heat flux increases with an increase of temperature, 
but at a much slower rate than in nucleate boiling. Consequently, as the 
heat-transfer rate is increased in this region, the temperature of the 
heating surface rises rapidly and can exceed the melting point of the heat- 
ing surface causing failure. 

It has been generally agreed Cl. 8 , 10, 15] that the high heat trans- 
fer rates associated with the nucleate boiling region are due primarily to 
agitation created by the motion of the bubbles in the superheated liquid 
adjacent to the heated surface. The rate therefore depends upon: 

( 1 ) the size at which a bubble will detach itself 

( 2 ) the rate at which a bubble forms 

( 3 ) the speed of rise of the bubble 

( 4 ) the number of bubbles generated 

Since heat transfer rate is a function of bubble formation, knowledge 
of the factors affecting the behavior of these bubbles is essential to 
understanding the nucleate boiling problem. 

From a photographic study Jakob ^ll] discovered that the product of 
bubble diameter when breaking off from the heated surface and the frequency 
of bubble formation seemed to be constant, 

Perkins and Westwater CO found that for nucleate boiling of methanol 
at heat fluxes up to 80 % of the maximum, not only was the product of bubble 
diameter and frequency constant but also both factors were constant them- 
selves for a given heat flux. From this they concluded that the increase 
in heat flux with increase inZ^^: , difference between the temperature of the 
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heated surface and that of the boiling liquid, must be caused entirely 
by a corresponding increase in the number of nucleating sices on the heat- 
ing surface. 

Gaertner and Westwater determined the number of active sites in 

the nucleate region for a boiling liquid on a horizontal, flat, copper 
surface by plating a thin layer of nickel on the copper surface and count- 
ing the number of pinholes in the plate after a boiling run. They found 

that a linear relationship between the number of active sites and the heat 

flux as suggested by Jakob ["] and Corty and Foust CO did not hold for 

their system but that heat flux was proportional approximately to the squar 
root of the number of sites. 

Griffith and Wallis M proposed that nucleation occurs from pre-exist 
ing gas filled cavities on the surface and that a single dimension, size 
distribution of the cavities, is sufficient to fix the nucleation character 
istics of that surface. Therefore the wall superheat should be directly re 
lated to the size of the cavity for a particular liquid-surface combination 
and heat input. 

Cavities exist in the metallic surface and in these cavities vapor is 
trapped after an earlier bubble has broken loose. The trapped vapor then 
acts as the nucleus for the next bubble from the same spot. A vapor filled 
cavity may act as a nucleus for the bubble formation as long as the super- 
heat in the surface is high enough to support the vapor phase inside the 
cavity. 

It is apparent from the above investigations that the heat flux is a 
function of the active centers. Active centers are agreed to be the 
valleys of a groove of a certain size which generate bubbles of constant 
size regardless of the heat flux orA *, when bubbles have once started to 
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form from that spot* Therefore the number of nuclei of a certain size 
may be expected to be proportional to the number of grooves of correspond- 
ing size. 

Because of this apparent relation between number of active sites, heat 
flux and number and size of grooves, several experimenters D. 2. 3. 4. 15] 
have investigated the effects of surface roughness on nucleate boiling heat 
transfer rates. They have found tViat for a given heat transfer rate theA t 
necessary to maintain nucleate boiling decreases with increasing roughness. 
Corty and Foust w in their work with N-pentane and nickel indicate that 
this is true up to a roughness of about 25-30 micro inches rms and thct for 
rougher surfaces theAt necessary for nucleate boiling remains constant. 

The purposes of this investigation were two fold: 

(1) To study the effect of surface roughness on heat transfer 
rates for pool boiling in the nucleate regime from a horizontal, flat plate 
for one of the most common surface-liquid combinations in use today, stain- 
less steel and distilled water. Specimens with roughnesses corresponding 
to those previously investigated were studied as well as several with much 
rougher surfaces. 

(2) Previous investigators have dealt with specially prepared 
surfaces. The second purpose of this study was to see if surfaces roughen- 
ed by common machining operations such as shaping, milling, grinding and 
polishing show the same trends as the laboratory prepared specimens. The 
roughnesses of these surfaces were determined by use of a Brush Surface 
Analyzer. 
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CHAPTER IT 



DESCRIPTION OF EQUIPMENT’ 



1. General Description* 

The equipment consists of the following components: 

A. Test specimens providing the heat transfer surface 

B. Mounting block for test specimens 

C. Temperature sensing and indicating devices 

D. Power supply and power measurement equipment 

E. Surface roughness equipment 

The arrangement of the equipment is shown in the photography Figure 2. 

2. Detailed Descriptions. 

A. Test Specimens . 

The test specimens were Type 304, stainless steel plates, 2-1/2 
inches by 4 inches, 1/2 inch thick. Each specimen was prepared 
by various machining operations to obtain the desired surface 
finish. The specimens are numbered 1 through 10 in order of 
decreasing roughness; the identification number together with 
surface finish, and preparatory machining are listed in Table I. 

Specimens of this size were chosen because it was felt that they 
would be large enough to minimize e id effects and small enough to 
obtain a fairly uniform finish over the entire heat transferring 
surface. This size was also suitable for specimen instrumenta- 
tion. 

Each specimen was fitted with six thermocouples for determining 
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the temperature of the finished surface. Thermocouple design and 
placement is described in paragraph C of this chapter. All 
specimens were first finished on a shaper with minimum tool 
advance. This operation produced the finish desired for speci- 
men #5. The specimens to have finer finishes were then further 
prepared as listed in Table I. To roughen specimens #3 and #4 
from the base finish, they were cut on a milling machine with 
slow feed. Specimen #2 was roughened by making a 0.005 inch 
cut with one pass of the milling machine running at 1-3/8 ipm. 
After testing, specimen #2 was further roughened by making a 
0.008 inch cut, perpendicular to the original mill cut, on a 
shaper with a .050” cross feed advance. This was used as speci- 
men #1. 

In addition to the rectangular specimens, two circular ones 
were tested. After testing specimens and #9 they were machin- 
ed on a lathe to a 2-1/2 inch diameter circular shape. By using 
previously tested rectangular specimens as the material for the 
new ones, the thermocouple placement and surface finish were 
preserved; thereby allowing a comparison based on geometry alone. 
As these circular specimens were cut from one end of the rectangu- 
lar ones, only three thermocouples were used to determine the 
temperature gradient in the specimens, A drawing of the circular 
specimen showing dimensions and thermocouple location is shown 
in Figure 3. Figure 4 shows the thermocouples in place in the 
specimen. 
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B. Houiitlng Block ror Test Speciinen ^ 



Details of the mounting block construction can be seen in Figures 
5 and 6 which are scale drawings and in the photograph. Figure 7a 
la general, it is a rectangular box with sides and bottom of 1/4*' 
aluminum sheet and a top of 1/2" aluminum sheet. This box is 
lined with 1/4" Teflon sheet. The coil for heating the test 
specimen is wound in a groove in a Lavite block, 4-3/4" x 1-1/2", 
on which the specimen is placed, A fire brick, 6" x 4-1/2" x 2- i/2" 
was milled to hold the Lavite block. The space between the Teflon 
lining and the fire brick was filled with flaked asbestos insula- 
tion. The Teflon and aluminum tops have a "window", 2** x 3-1/2", 
cut in them so that the test specimen will be in contact with the 
distilled water. There sre also four 1/2" copper cubes attached 
Co the top of the box for power and thermocouple leads. These 
tubes extend well above the surface of the water to insure water 
rightness of the box. The top is gasketed around both the out- 
side perimeter and the "window" with Neoprene gaskets. Water 
tightness is insured by clamping the top to the box with two alumi- 
num bars, 1/2" x 1" x 9-1/2", and four stainless steel studs. 

These studs and bars are not sho\m in the cross sectional views 
to avoid confusion but their position may be seen in the photo- 
graph. Figure 8. 

For resting the circular specimens, the mounting block was modi- 
fied by putting on a new aluminum top plate with Taflon liner 
both with a circular window, 2 inches in diameter, to permit 
specimen contact with the distilled water. 
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The rnountin^ block i contained in a Fyrex jar, 12 inches in 
diameter and 12 inches high, filled to a depth of 9 Inches with 
distilled water. 

C . Temperature Measurement . 

Six thermocouples v;ere placed in each specimen: four, 1/16 inch 

below the test surface and two, 1/8 inch above the lower surface. 
The exact positioning is shown in Figures 9 and 10, This place- 
ment proved satisfactory since a sufficient number of points were 
available to establish a temperature gradient so that test sur- 
face temperature could be obtained by extrapolation. Brown and 
Sharpe #30 gauge, iron-constantan, duplex, glass insulated thermo- 
couple wire was used. 

The thermocouple holes were partially filled with **Eccobond'* 

Solder 57C to insure good thermal and electrical contact with the 
specimen. As a cement and to provide further thermal contact 
the thermocouples were held in place with Insa-lute Hi-Temp Cement 
#P-1 made by the Sauer seisen Cement Company. The thermocouple 
leads were taken to a terminal board from which the signal was 
transmitted to a thermocouple switch by means of Brown and Sharpe 
#24 gage, iron-constantan thermocouple wire. The thermocouples 
were referenced to a common ice junction and the selector switch 
vjas connected so that the temperature at each location could be 
read separately. The reading of the potential of the thermo- 
couples was obtained with a Rubicon Precision Potentiometer Model 
#2732. A wiring diagram is shown in Figure 11, 
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In addition to the specimen thermocouples ^ four were placed on 
the outside of the mounting block to estimate heat loss through 
the box. One thermocouple was placed on the top, one on the 
bottom and one on each of two vertical perpendicular sides. 

These thermocouples were made from Brown and Sharpe #24 gage 
wire and were peened into the aluminum plate of the mounting 
block. The temperature of the distilled water was measured 
with a mercury in glass, 0-220®F, thermometer suspended 1/2'* 
above the test surface, 

D. Power Supply and Measurement . 

Heat was supplied to the test specimen from a nichrome wire heat- 
ing coil wound as shown in Figures 12 and 13, Figure 12 is for 
rectangular specimens and Figure 13 for circular ones. The coil 
was made by Ho$kins Manufacturing Company, size #FD 101, llOV, 
using Brown and Sharpe #20 gage wire. The room temperature re- 
sistance of the rectangular coil was 20.0 ohms; the circular one, 
10 ohms. Power was supplied to the heating coil from a 220 volt, 
single phase source through a 230 volt, 8 amp Variac, Type V20HM, 
manufactured by General Radio Company, Voltage drop across the 
coil and current passing through the coil v;ere measured by a Style 
#701350 ammeter and a Style #701329 voltmeter manufactured by 
Westinghouse Electric and Manufacturing Company. A wiring diagram 
is shown in Figure 14, To maintain the distilled water near boil- 
ing temperature throughout a test-run, the water was heated by a 
Calroc heater, immersed in the bath. 
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E . Surface RouKhaess Egulpinent e 



Roughness of the specimen heating surface was measured with 
a Brush Model BL'-103 Surface Analyzer [I6l , The equipment con- 
sists essentially of four components: a motor driven pick-up arm, 

a calibrating amplifier, an averaging meter and a direct inking 
oscillograph. The pick-up arm contains a 0,0005 inch diamond 
stylus attached to a crystal. The arm is driven by the drive motor 
and moves back and forth through a ten second cycle. The vertical 
motion of the diamond stylus as it travels over the surface causes 
the crystal to be bert. This produces an emf which is proportional 
to the amount of vertical motion of the arm. This voltage is 
amplified in the calibrating amplifier and drives the pen motor of 
the oscillograph. The chart of .the oscillograph records in micro- 
inches the direction, magnitude and regularity of surface roughness. 
The averaging meter can be used to give a visual indication of root 
mean square values of the roughness. Since the roughness of the 
specimens was not held to extremely close tolerances, the averag- 
ing meter was used to indicate the relative order of increasing 
roughness of the specimens. The Brush Surface Analyzer equipment 
arrangement can be seen in Figure 15. 
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CHAPTER III 



EXPERIMENTAL PROCEDURE 

The supplementary Jalioc heater was turned on and the distilled 
water bath allowed to heat up to 160"^? before the mounting block containing 
the test specimen was lowered into place. The test specimen heating surface 
was cleaned with acetone prior to assembly of the test specimen mounting 
block to remove all grease and ether foreign niatter. With the test speci- 
men in place, the maximum pov;er, approximately 0.8 kw, was applied to the 
specimen heating coil and the entire system allowed to reach steady state 
condition. The maximum power was dictated by the heating coil kw racing. 
This usually required 30-45 minutes to reach the boiling point of the water 
bath and another two to two and one-half hours of vigorous boiling for 
steady state. The water level in the test tank vvas maintained constant by 
introducing previously heated distilled water into the test tank below the 
mounting block so as not tc disturb the convection currents in the vicinity 
of the test specimen. LTien steady state x^^as reached with maximum power in- 
put, all neces5iary readings were taken. A sample data sheet is shovm in 
Table II of Appendix B. Tbe power input was lov/ered in approximately equal 
steps and readings taken when successive steady state points w’ere reachedc 
Pov^7er x^as loxv^ered until boiling from the test surface ceased. It required 
approximately one hour to reach steady state at each test point so that a 
total run cim.e of ten hours resulted, 

SURFACE ROUGHNESS r^ASUREMENT 

Surface roughnesses x^ere indicated by two m*ethods. Before testing 
of the specimens they were sent to the machine shop with a sbdop drax^/lng 
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specifying the finish desired. The usual practice of the machine shop is 
to use a visual comparison with a ’’standard'* surface to determine the 
finish obtained. Machining is continued until the desired finish is 
reached. In this case the ’’standard” surface used was a General Electric 
Corporation ’’Surface Roughness Scale” Catalogue No. 8665947-Gl. 

In addition the ’’Tracer method” which employes a stylus that is drag- 
ged across the surface x^7as used. The ’’Brush Surface Analyzer” as described 
in Chapter II proved satisfactory for this purpose. According to Bechwith 
and Buch , this is the most common metVod for obtaining quantitative 

results. 

There are several problems with this type of equipment. First, in 
order for the scriber to follow the contour of the surface it should have as 
sharp a*point as possible. If irregularities are smaller than the size of 
the point used, the stylus, being of a very hard material, usually diamond, 
will round off the peaks as it is dragged over the surface. It will actual- 
ly cut a groove in the surface being measured. Grooves were observed in 
the smoother surfaces however, this had no effect on the results of the 
experiment for as Corty and Foust observed, no preferential nucleation 

was ever noticed along such marks. 

In spite of its inherent inaccurancies , the ’’Tracer method” is the 
most used and is reproduf ible 'or a given material. 

lor the ’’Tracer method”, roughness readings were taken at nine loca- 
tions as shown in Figure 16, The lowest and highest readings at each 
location, as indicated by the averaging meter (rms), were recorded. The 
nine high and low readings v;ere averaged to give the roughness values list- 
ed in Table I. 
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CliAPTER IV 



DISCUSSION OF RESULTS AND CONCLUSIONS 

The significant parameters used in presenting the esults of this 
experiment are t^, average heating surface temperature, q/A, heat rate, 
and t^, bulk temperature of the distilled water* Since it was not possible, 
with the apparatus used, to maintain the water at the saturation tempera- 
ture at all times, the bulk water temperature was used in calculating A t^. 

The degree of subcooling reaching a maximum of 4®F at the low heat rates. 

The method of obtaining the parameters was as follows: t was mea- 

w 

sured with a mercury therinometcr ; an average temperature gradient in the 
specimen was obtained from the imbedded thermocouples and t^ was calculated 
by extrapolation; using published k, thermal conductivity, data and the 
average temperature gradient, q/A was calculated. 

The results of the investigation are presented giving the variation of 
heating rate, q/A, as a function of ^ for the various surface roughnesses. 
The results are presented in two forms: graphical, Figures 17 through 40, 

and tabular. Table III* A sample calculation of results for Run }1 is given 
in Appendix B. 

Wlien dealing with extremely rough surfaces, the size of the irregular- 
ities is such that a significant difference in temperature may exist between 
the base and the tip of the irregularities. Since the surface tenrperature 

is used in calculat ing At , a decision must be made as to whether to use 

m 

the temperature at the base or the tip or at a point betvjeen. The tempera- 
ture used in this thesis was tViat at the base as determined by extrapola- 
tion using the temperature gradient between the two thermocouple levels. 

In order to determine xvhether this Introduces a significant differerce in 
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At , depending on whether the terperature at the base or that -kL the tip 
is used, calculations v/ere performed as shown in Appendix B, Equation 
(2-56) page 55 of Kreith [is] was used for this calculation. 

For specimens #1 and which were extremely rough, there was a 
significant difference, the maximum difference for specimen #1 being 0«4®F 
for a 5.7°FAt^, indicating that it is important to specify the location 
of surface temperature for rough specimens. For other specimens, where 
finishes were measured in micro inches, the difference between base and tip 
temperatures was insignificant as can be seen by examining the order of 
magnitude of L in the above equation. Therefore, no correction was made in 
the extrapolated temperature for these specimens. 

Figure 17 is a composite plot of all rectangular specimens tested while 
Figures 18 and 19 show the comparison between a rectangular and a circular 
specimen with the same surface finish. Figures 20 and 21 are for duplicate 
tests on the same specimens on succeeding days for determining reproducibil- 
ity of data. Specimens #1 and #2, v^^ith deep grooves machined in the sur- 
faces, were tested and the results are given In Figure 22. The remaining 
Figures, 23 thru 36, are for each ii dividual run. Experimentally determined 
points are plotted and with them are shovm the uncertainty that exists in 
both co-ordinates. The method of determining this uncertainty is discussed 
later in this chapter under E<perimental Accuracy. 

As can be seen from Figure 17, heat rates, q/A, vary from a maximum of 
2 2 

about 29,000 Btu/hr ft to a minimum of 3000 Btu/hr ft while temperature 
difference between the heating surface and the v;ater varies from 39® to 
0.5®F. Following is a table showing the ranges of haat rite, q/A„ andAt^ 
for the various roughnesses tested. Also listed are the figures in which 
the results for that roughness are plotted. 
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Heat Pv t02 


At 


Figure 




Roughness 


Btu/hr ft 


ni 


23 




.008 in. 


27,600-8580 


5. 7-1.7 


24 




.cos in. 


28,200-4550 


5. 9-0. 6 


25 




84-109y^in. 


24,800-3070 


16.5-7.3 


26 




40-52^in. 


25,500-3000 


16.8-8.6 


27 




28-37^n. 


25,400-3220 


1( .0- 5.9 


28 




22-24^in. 


28,200-4040 


22,3-5.4 


29 




13-17^in. 


28,000-4340 


24,3-7.5 


30 




3.6-8. ^in. 


21,600-4130 


27,0-10.4 


31 




4. 5-6. 2^in. 


20,900-2525 


33,0-12.4 


32 




2.2-4 ,0^in. 


24,100-3820 


39.1-19.1 


In 


addition to Figure 17 in 


which the results o£ 


tests on all surface 


roughnesses are 


presented as q/A 


versus At , these results are also present 
m ^ 


2 d on a 


log- log 


plot :>f q/A vs.^t 


in Figure 39 and as 
m 


h vsAt s also log- 
m 



log, in Figure 38* 



EXPERIMENTAL ACCURACY 

The technique used in determining the uncertainties in the experiment ial 
values of q/A and^t^ is that described by Kline and McCIintock [«] An 
uncertainty as defined by them is the possible value the error might have, 
’’For a single clscrvation, the error, which is the difference 
between the true and observed values, is a certain fixed 
number. But the uncertainty, or what one thinks the error might 
be, may vary considerably depending upon the particular circuni*> 
stances of the observation/’ 
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In this, case the uT^ccrtai^t ics in the measured values of specimen 
temperature as indicated by theme couple readings were assun.ed as the 
maximum possible value that could exist for that ruru Using the data 
from Run #7, a calculation is given in Appendix B illustrating the 
method used in determining the uncertainties plotted in Figures 23 thru 36, 
The uncertainties vary slightly from specimen to specimen; however^ in gen- 
eral, the uncertainty In^t^ varies from + 3.0 at high heat rates to 

2 

+0.5 °F at low ones while that of q/A varies from + 1500 Btu/hr ft at 
high values to + 150 Btu/hr ft^ at low’ ones, 

CONCLUSIONS 

The results of these tests show that surface roughness has a pro- 
nounced influence on the rate of heat transfer from a stainless steel 
(Type 304), horizontal plate to distilled water in the nucleate boiling 
regime. For very smooth surfaces the^t^ or temperature driving potential 
necessary to maintain a specified heat rate is especially sensitive to 
changes in surface finish. However, as roughness increases, theAt^ for a 
given heat rate decreases at a slower rate. This implies a roughness limit 

above which surface roughness has little effect onAt . As can be seen 

m 

from Figure 37, a plot ofAt^ vs. roughness for a given heat rate, q/A, 

the order of magnitude where this occurs is about 25 to rms, which 

agrees with the results of Corty and Fousts* work with N-Pentane and 

nickel. Figure 40 shows a comparison between the above work and this 

2 

experiment for a surface coefficient, h, of 1000 Btu/hr ft Figure 37 

also shows clearly the decrease of theAt^^ as roughness increases :ich a con- 

2 

stant q/A. For example for a heat rate of 20,000 Btu/hr ft At was 36.5°F 

m 

for a roughness of 3.1,/^ in rms. and decreased to 17.5°F at 23y4/in. rms. 
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I 



It can also be seen that the slopes of the q/A vs.^t^ curves vary 

with roughness » As the roughness increases the slope also increases 

indicating that extremely high heat rates may be obtained using **rough*’ 

materials while maintaining a low value of At . 

m 

The specimens used in this experiment were finished using normal 
machining operations. Therefore, the shape of the irregularities in the 
test surfaces would vary from specimen to specimen* It is fairly well 
accepted by other investigators that both size and shape of these ir- 
regularities affect heat transfer characteristics. Since each specimen 
was prepared with different machining operations, it appears that size or 

o 

roughness is more influential than shape in affecting these characteristics. 

The results of the tests with circular specimens indicate that the 
geometry of the test specimen had little effect on the results of this ex- 
periment. This is as should be expected if the theory proposed by most 
investigators in this field, that the heat, transfer rate is actually a 
function of the number of nucleating sites, is accepted. The number of 
sites then, as a function of the surface finish, should not change with 
geometry. 

The curve of Figure 22 for specimens #1 and #2 indicate that heat 
transfer rates are highly sensitive to small changes inAt^ for these 
rough finishes. The calculation of q/A was handled the same way for both 
types of surface finish, micro and macro roughness; the projected horizontal 
area was considered as the heat transfer area. l\Tien dealing v;ith a surface 
with deep grooves, there is actually a roughness associated with the sides 
of the grooves as well as an overall roughness of the specimen. Again 
following the theory that heat transfer rate, q/A, is a function of the 
number of nucleating sites, extremely rough surfaces would present more 



17 



sites 

fore, 



per unit 
1 would 



projected area than a relatively smooth surface. There 
be expected that for a given q/A the^t^ v;ould be lov;er 
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TABLh, III 



EXPERIMENTr\L RESULTS 



Run # 


AC 

“f"’ 


dt/ dx 
°F/in. 


q/A 2 

Btu/hr ft 


h 2 

Btu/hr ft y 


Specimen 


11 


16.5 


220.0 


24800 


1502 


3 




15.8 


165,6 


18680 


1181 






13.1 


113.3 


12800 


977 






11.8 


66 . 1 


7450 


631 






7.8 


35.8 


4040 


518 






7.3 


27.2 


3070 


421 




10 


24.5 


265.0 


29900 


1220 


7 




20.9 


214.0 


24150 


1155 






16.6 


139.8 


15780 


950 




16 


24. 3 


248.5 


28100 


1155 


7 




21.0 


191.2 


21600 


1030 






15.9 


117.0 


13200 


830 






12.1 


69.6 


7850 


648 






7.5 


38.4 


4340 


578 




7 


16.0 


225.0 


25400 


1588 


5 




15.4 


173.0 


19500 


1267 






13.6 


135.0 


15300 


1125 






11.6 


90.0 


10150 


875 






9.3 


55.2 


6230 


670 






5.9 


28.5 


3220 


546 




5 


33.0 


185.3 


20900 


534 


9 




30.2 


155.4 


17530 


580 






26.4 


126.0 


14200 


538 






23.7 


84.3 


9500 


401 






18.7 


56.9 


6420 


343 






15.7 


25. 1 


2830 


180 






12.4 


22.4 


2525 


203 





0 



specimen # 



i.\un 


^ > 

r 


h./dx 

!•/ Lll. 


q/A 2 

8tu/hr 


2 

Btu/hr Lt ®F 


9 


27.0 


191.5 


21600 


800 




22.3 


123. C 


13880 


622 




18.2 


85. 7 


9560 


530 




14.0 


51.3 


5780 


412 




10.4 


36.6 


4130 


397 


18 


5.9 


250.0 


28200 


4780 




4.3 


193.0 


21750 


5060 




3.2 


139.0 


15690 


4900 




1.8 


79.7 


9000 


5000 




0.6 


40.3 


4550 


7580 


24 


6.9 


296.0 


33400 


4840 




5.7 


245.0 


27600 


4840 




4.0 


180.0 


20300 


5070 




2.7 


117.3 


13280 


4920 




1.7 


76.1 


8580 


5040 


28 


3^.6 


184 . 8 


20850 


602 




30. 1 


139.5 


15730 


523 




25.3 


91,4 


10300 


407 




20. 1 


55.0 


6200 


308 


29 


23.8 


268.0 


30200 


1268 




20.0 


193.8 


21850 


1092 




15.6 


131.0 


14780 


947 




10.8 


78.9 


8900 


824 


1.4 


25.2 


181. C 


20400 


809 




22.0 


135.5 


15300 


696 




17.7 


94.2 


10620 


601 




13.5 


57. 


6480 


477 



2 



1 



9 i^C^rcular) 



6 (^Circulai) 



o 



23 



I 



i\ur. # 




Jt/dx 2 
Dtu/hr £t 


q/A 2 

Btu/hr ft 


■ h 2 . 


Spaclman 


12 


15.8 


226.0 


25500 


1518 


4 




14.7 


156.0 


17600 


1197 






12.5 


95.7 


10800 


864 






10.0 


59.0 


6660 


666 






8.6 


26.6 


3000 


349 




17 


22.3 


249.5 


28200 


1263 


6 




18.2 


181.0 


20400 


1120 






14.4 


123.4 


13920 


967 






10. 1 


67.8 


7650 


758 






5.4 


35.8 


4040 


748 




15 


39. 1 


213.5 


24100 


617 


10 




34.9 


152.4 


17200 


493 






30.8 


110.5 


12490 


405 






25.0 


64.8 


7310 


292 






19. 1 


33.8 


3820 


200 





24 



I 




25 
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FIGURE 36 
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FIGURE 37 



Plot of Surface Coefficient vs, ^t 
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FIGURE 39 
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SAMPLE CALCULATIONS 



These sample calculations are for Run //7. The data for this run is 
shown in Table II, Sampe Data Sheet. 



7^ = 



-A -^3.3 y 3t-^S.7 i- y 

_ 






Te - 



30 O •/■ 300. s~ 



30r.S >■ 




><S70 



4o. 9 

.0 70 






A'U = t'ujz ^a 6.0 -Jl/Sl.O) - /i.O^F 



where: t. = average temperature at le^el A in the specimen 

a 

t average temperature at level B in the specimen 
B 

^12 etc ^ temperature at thermocouple locations shown in 
Fig. 9o 



t^ - average temperature of heating surface 
temperature of distilled water 



using K ^ 9.4 Btu/hr ft®F for type 304 stainless steel as found in the 
Metals Handbook ^9^ . 

q/A ^ K A t = 9.4 (225.0) (12) r: 25400 Bcu/hr ft^ 

X 
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Let the uncertainty in 



CALCULAriON OF UlCERTAIhTIES 

^ 3^s:3t 

4 -- 

4 . -- ^4 
6 ’ “^4 



therefore : 



- sYJsfTJ^ = :t 3. iS'/^ 



d-d - 



^^3 



Since the uncertainty in ^ X is negligible in comparison with w. 

- - ^0- rj - * r^-.^2Z^ 3. ' _ * y .73 ^ 



^ 1 



t /- 9 



t 



^ ^ * ^ur However the uncertainty in t is negligible in 

w 

comparison with t^, 

therefore: 

= /4.0 t /• 9 
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Let rhe ui'icertai.nty In 







CALCULATION OF THE TIP TEMPERATURE FOR SURFACE IRREGULARITIES 



) ; a-'fW 



r~r^ f jeTF 

%-T^ " ‘ [ Aorr 



where To® = bulk temperature of water = 212®F 

T^ = temperature at the base of the irregularities = 218, 1*F 

T = temperature at the point of interest on the irregularities 

X = distance from tip to point of interest, (x = 0 at tip) 

= height of irregularities = 0,005 inches 



L 

h 

k 

t 



= average heat transfer coefficient = 1000 Btu/hr ft °F 

2 , 



= thermal conductivity = 9,4 Btu/hr ft °F/ft 
= thickness of irregularities at base = 2/3 L 
h was assumed equal to the above value as this is the same order of 
magnitude as that found in the results of this experiment. 



Solving: B = 13,6 

2B Tl’= 0,55 
I^ (2bTT) = 1,077 
T = 217. 7“F 
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FIGURE 2 Overall Equipment Layout 
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FIGURE 2 



EQUIPMENT IDENTIFICATION SYMBOLS 
Alternating Current Voltmeter 
Variac 

Alternating Current Ammeter 
Ice Bath 

Thermocouple Switch 
Thermocouple Potentiometer 
Distilled Water Bath 
Junction Box 
Terminal Block 
Mounting Block 
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FIGURE 4 Circular Test Specimen 
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FIGURE 7 Specimen Mounting Block 
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FIGURE 10 Rectangular Test Specimen 
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FIGURE 12 Rectangular Heating Coil 




FIGURE 13 Circular Heating Coil 
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FIGURE 15 Surface Analyzer Equipment 
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FIGURE 15 

EQUIPMENT IDEOTIFICATION SYMBOLS 
A Drive Head 

B Averaging Mel er 

C Amplifier 

D Oscillograph 
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TABLE I 



SPECIMEN IDENTIFICATION 
ROUGHNESS (MICRO INCHES RMS)^ 



NUMBER 


BRUSH ANALYZER 


VISUAL 


PREPAFATIOK 


1 


0.008 ** 


-- 


shaped and milled 


2 


o.oos'' 




shaped and milled 


3 


84-109 


100 


shaped and milled 


4 


40-52 


50 


shaped and milled 


5 


28-37 


30 


shaped 


6 


22-24 


20 


shaped and poliahed 


7 


13-17 


16 


shaped and polished 


8 


6. 6-8. 2 


10 


shaped, ground, lapped 
and polished 


9 


4.5-6. 2 


4 


shaped and round 


10 


2. 2-4.0 


4 


shaped, ground and 
polished 



1 RovigVmcss of specimens 1 and 2 are given in depth of cut on tnilllng 
innchine or shaper as appropriate. 



TABLE II 



SAMPLE DATA SHEET 



Run No. 7 

Date 14 Feb, 196 2 
Specimen No. 3 

Time: Start 1030 Finish 2200 



Thermocouple No, 


1 


3 


4 


6 


Mv 


6.21 


6.29 


6.30 


6.19 




243.3 


245.7 


246.0 


242.7 


Mv 


6.08 


6.10 


6.16 


6.04 


®F 


239.0 


239.7 


241.7 


237.7 


Mv 


5.96 


5.96 


6.02 


5.90 


•P 


235.0 


235.0 


237.0 


233.0 


Mv 


5.80 


5,79 


5.85 


5.73 


“P 


229,7 


229.3 


230.3 


227.3 


Mv 


5.64 


5.62 


5.66 


5.58 


Op 


224.3 


223.7 


225.0 


222.3 


Mv 


5.48 


5.45 


5.45 


5.42 


®F 


219.0 


218.0 


218.0 


217.0 



Sheet 1 of 3 



The rmo couple No , 


2 


5 


7 


8 


9 


10 


Mv 


8. 19 


0.02 


5.10 


5.15 


5..0 


5.12 


’F 


308.0 


302.5 


206.3 


208.0 


206.3 


207.0 


Mv 


7.58 


7.46 


5.08 


5.11 


5.08 


5.10 


°F 


288.0 


284.3 


205.7 


206.7 


205.7 


206.3 


Mv 


7.11 


7.04 


5.06 


5.09 


5.06 


5,07 


‘'F 


272.7 


270.3 


205.0 


206.0 


205.0 


205.3 


Mv 


6.55 


6.50 


5.03 


5,07 


5.03 


5.03 


"F 


254.3 


252.7 


204.0 


205.3 


204.0 


204.0 


Mv 


6.09 


6.05 


5.00 


5.04 


5.00 


5.00 


»F 


239.3 


238.0 


203.0 


204.3 


203.0 


203.0 


Mv 

“F 


5.68 

225.7 


5.68 

225.7 


N 


0 I N E E 


0 E D 
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WATER TEMl’. 
“F 


VOLT 


AMPS 


212.0 


122.0 


6.40 


211.5 


109.0 


5.75 


211.5 


97.5 


5.15 


211.0 


82.0 


4.40 


210.5 


67.5 


3.55 


210.0 


52.0 


2.70 



Sheet 3 of 3 



73 



This document has been approved for public 
release and its distn"'' • is unlimited^ 



